Temperature dependence of the response function of hot nuclear matter 
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ABSTRACT 

The description of collective motion in nuclei at finite temperature using the frame- 
work of the random phase approximation is discussed. We focus on the special case 
of the isovector response function of hot nuclear matter using various effective 
Skyrme interactions. 
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1. Introduction 

The purpose of the present notes is to investigate the response function of hot 
nuclear matter. We use the framework of time dependent mean field theory with the 
standard Skyrme type effective interactions which have provided in the past good 
descriptions of average nuclear properties. For such interactions analytic expressions 
for the response function are derived. From these analytic formulae we show that 
one can gain an understanding of the temperature dependance of the giant dipole 
resonance in finite nuclei. Although effects which are beyond the framework of linear 
response theory are important to account for the full width of the giant dipole state 
(e.g. two particle two hole configurations) many features of these resonances are 
known to be readily understood at this level already EHifli. In the following we 
show that zero sound type modes become less collective as temperature rises and 
sometimes disappear at temperatures of a few MeV. We also show that for effective 
interactions with an effective mass close to unity collective effects are small already 
at zero temperature and depend weakly on temperature. We will thus argue that the 
temperature dependance of the giant dipole resonance provides valuable information 
on the effective interaction. 

2. Linear response theory in hot nuclear matter 

When an external field of the form 

Kxt = er^-^\ (1) 
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is applied to nuclear matter, it induces a density change between neutron and proton 
densities which is of the form 

5p(r, t) = p„(r, t) - p(r, t) = V e i ^ T ^+^ t . (2) 

The ratio of the amplitude a of the density oscillations to the external field strength 
is the response function (also called dynamic polarizability) 

IL{u>,q) = - (3) 
e 

In the case of Skyrme type forces it is possible to find analytic expressions for the 
response function of nuclear matter at finite temperature Bui. 

Calculations are particularly simple in the case of a simplified Skyrme interaction 

v = to(l + x P (T )5(r 1 - r 2 ) + t 3 <$(n - r 2 )5(r 2 - r 3 ). (4) 

In this particular case one has the simple formula 

n (w,q) 

where II„ is the unperturbed polarization propagator 1, also called Lindhard function 
n l 1 2 U /(k + q)-/(k) 

n (a;,q) = - — -r / ak — -. 6 

0V HJ (2vr) 3 i uj + ir] - e(k) + e(k + q) V ; 

and where 

V Q = -t {x + l/2)/2 - t 3 Po/8. (7) 

For a given momentum q we thus see that there is a resonant response when the 
frequency to of the external field corresponds to a zero in the denominator i.e. when 

l = y n (u;,q). (8) 

The real part of uj determines the energy of the collective mode and its imaginary 
part the lifetime H 

The previous formulae correspond to the special case of a simplified Skyrme 
force. They can however be generalized to the case of a full Skyrme force. Such an 
interaction contains a density independent part vu and a density dependent part 
1*123. The density independent part is parametrized in momentum space as 

< k|7J 12 |k' >= t (l + x Pa) + ^(1 + x^ik 2 + k' 2 ) + t 2 (l + X 2 P CT )k.k'. (9) 
The density dependent part in ordinary space is 

^123 = |(1 + XtP.MT! - r 2 K(^±^). (10) 
o 2 



For such an interaction the response function is given by 



nr \ = n (q;,q) 

[UJ ' q) i-K ) no(^,q)-2^ 1 n 2 (^,q)-\/ 1 2 n|(^,q)-v r 1 2 n 4 n - 1 } 

In this equation II 2 and n 4 are generalized Lindhard functions defined by 

q) = A / d 3 A: J^ + ^~Jt\ \ ^ k + q ^ • < 12 > 
(27r) d j u; + if] — e(k) + e(k + q) 

while Vo and V 2 are linear combinations of the parameters of the Skyrme interaction. 
Explicitely one has 



2 V 2/ 12 V 2, 
-^(3t 1 (l + 2x 1 )+t 2 (l + 2a; 2 )) (13) 

\ q J 1 — 2V / 1 m*A} ' 

where m* is the effective mass and po the saturation density of nuclear matter, while 
Vy is: 

V\ = 4(^(1 + 2a; 2 ) - + 2 Xl )) (14) 
lb 

In reference El a discussion of the properties of the response function in the case of 
a simplified Skyrme interaction was provided. It was found that for a momentum 
transfer g=0.23 fm _1 (a value which corresponds to the giant dipole resonance in 
lead- 208 in the Steinwedel- Jenssen model) the response function exhibits a sharp 
zero sound type peak at zero temperature. In contrast when temperature rises the 
smearing of the Lindhard function was found to make the peak much weaker and 
in fact nearly disappear for temperatures of a few MeV. Whether this conclusion 
holds for the more realistic Skyrme forces is a question which was investigated in 
reference i. Some results of this study are shown in Figure 1. 
Fig. la (left side) gives the strength 

S(u) = —QmU(u,q). (15) 

7T 

as a function of the frequency uj for a momentum transfer q= 0.23 fm _1 in the case of 
the Skyrme force SIII while Fig. lb (right side) corresponds to interaction SV. It can 
be seen that for interaction SIII collective effects disappear as soon as temperature 
reaches a few MeV while for SV only a weak temperature dependance is observed. 
In reference I the difference between these two cases was attributed to a difference 
between the effective mass values for the two interactions. This difference shows 
that the temperature dependance of the response function provides information 
on the effective particle hole interaction. In this context it is worthwhile noting 
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Fig. 1. Distribution of strength as a function of the frequency LO for a momentum transfer q r =0.23 
fm _1 in the case of interactions SIII and SV 

that recent experimental studies of the giant dipole resonance found a saturation of 
photon multiplicities at high excitation energy EJ. This may be a signature of the 
loss of collectivity found at high temperature in the present calculation. 
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